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Abstract 
 
The study of stress corrosion cracking of MS1300 and MS1500 in relationship to the amount of 
hydrogen in the steels were conducted using two tests: (i) hydrogen permeation test, and (ii) 
linearly increasing stress test (LIST). The permeation test aimed to measure the hydrogen 
concentration of the steels at cathodic charging potentials of -1050 mVAg/AgCl, -950 mVAg/AgCl and 
-850 mVAg/AgCl in 3% NaCl, which were related to the HE susceptibility of the steels. In the LIST, 
a tensile stress was applied to the steels at two different stress rates (0.008 MPa s-1 and 0.080 
MPa s-1 corresponding to a 3 rph and 30 rph motor respectively) as the steels were exposed to 
two different conditions: (i) at a cathodic charged potential of -1050 mVAg/AgCl as the steels were 
immersed in 3% NaCl solution, and (ii) the steels were suspended in air. This test also aimed to 
determine the HE susceptibility of MS1300 and MS1500 at those different environments. From 
this study, it was found out that:  
(i) MS1500 was more susceptible towards HE compared to MS1300 at -1050 mVAg/AgCl, as 
shown by the relatively higher CH values.  
(ii) the strength of the steels would be reduced with higher CH, since the steel becomes more 
brittle when correlated with I. However, the presence of subsurface hydrogen only resulted to 
small changes on the steel’s yield and fracture stresses at the slower applied tensile stress rate. 
(iii) the steel at the slower applied tensile stress rate showed brittle features which suggested 
signs of HE. Shear fracture occurred as there were either only some or none presence of necking 
observed. Fisheyes were also observed on MS1300, but not in MS1500.  
(iv) when steel was applied to a slower stress rate at the most negatively charged potential, all 
three I, CH, and F values of MS1500 increased.  
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1.0 Introduction 
 
Martensitic advanced high strength steels (MS-AHSS) find applications in the automotive 
industry. MS-AHSS are the strongest among the new class of steels called the advanced high 
strength steels (AHSS). MS-AHSS have typical tensile strengths between 1000 and 1500 MPa 
(Lovicu et al., 2012), and possess a high strength to weight ratio. This characteristic plays an 
important role in the manufacture of more fuel-efficient and safer cars. MS-AHSS are used for 
fabricating body structures, ancillary parts, and tubular structures, including bumper 
reinforcements, belt line, door intrusion beams, etc. (Tamarelli, 2011).  
 
Although MS-AHSS have good mechanical properties, high strength steels are known to be 
susceptible to hydrogen-related degradation (Lovicu et al., 2012). Hydrogen embrittlement (HE) 
is a process that lowers the strength of the steels, makes them brittle, and consequently causes 
them to fracture upon introducing stress. Stress corrosion cracking (SCC) is the formation of 
crack growth in steel when it interacts with a mechanical stress and a corrosive environment. The 
occurrence of SCC depends on three factors: (i) a susceptible steel, (ii) a corrosive environment, 
and (iii) a sufficient applied tensile stress.  
 
HE acts as one of the mechanism for SCC. The atomic hydrogen interacts with the metal when an 
external tensile stress is applied, inducing subcritical crack growth which leads to fracture. The 
cracking is generally called stress corrosion cracking when there is presence of active corrosion 
(Services, 2016). The cracks formed can be aided by the presence of dissolved hydrogen within 
the steel possibly in terms of making cleavage easier or they may also assist in the development 
of local plastic deformation (Cottis, 2000).  
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Based on the recent work by Venezuela et al on the study of influence of hydrogen on the 
mechanical and fracture properties of four MS-AHSS in simulated service conditions, they found 
out that: i) hydrogen had little influence for the MS-AHSS in 3.5 wt% NaCl, ii) hydrogen had 
little influence for hydrogen pre-charged MS1300 and MS1500 subjected to substantial applied 
tensile stress rates, iii) the hydrogen content of MS980, MS1300 and MS1500 increased with 
increasingly negative applied potential and the type of electrolyte, iv) the difference between the 
hydrogen diffusivities in MS980, MS1300 and MS1500 were not significant, and v) the use of 
platinum counter electrode during cathodic hydrogen charging was not recommended. However, 
they have not found a clear correlation between the mechanical strength and hydrogen 
concentration (Venezuela, Zhou, Liu, Zhang, & Atrens, 2016). With that in mind, the current 
study could help develop the understanding on how the strength of MS-AHSS can be influenced 
by the subsurface hydrogen concentration. The hydrogen content within the steel is responsible 
for the occurrence of HE and SCC which reduces their strength. 
 
Considering the unwanted effects of SCC, the current study aims to determine the HE 
susceptibility of MS-AHSS, namely MS1300 and MS1500 in 3% NaCl. This ongoing research is 
important to understand the service and design limitations of MS-AHSS in automotive 
applications. 
 
Two tests were carried out on the MS1300 and MS1500 steels; the hydrogen permeation test, and 
the linearly increasing stress test (LIST). In the permeation test, the MS steels were immersed in 
a 3% NaCl solution with varying cathodic charging potentials -1050 mVAg/AgCl, -950 mVAg/AgCl 
and -850 mVAg/AgCl. This test aimed to determine the hydrogen concentration of the steels at those 
different cathodic charging potentials. The hydrogen concentrations measured were then related 
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to the HE susceptibility of the steels. The most negatively charged potential -1050 mVAg/AgCl was 
used for the LIST. 
 
In the LIST, a tensile stress was applied to the steels at two different stress rates (0.008 MPa s-1 
and 0.080 MPa s-1 corresponding to a 3 rph and 30 rph motor respectively) as the steels were 
exposed to two different conditions: i) at a cathodic charged potential of -1050 mVAg/AgCl as the 
steels were immersed in 3% NaCl solution, and ii) the steels were suspended in air. This test also 
aimed to determine the HE susceptibility of MS1300 and MS1500 at those different 
environments. 
 
This study narrows down the scope to: i) the use of MS1300 and MS1500 specimens for both 
permeation test and LIST, ii) the use of 3% NaCl solution, iii) the use of LIST with applied 
tensile stress rates equivalent to 3 rph and 30 rph motor, and iv) the use of permeation test at 
cathodic potentials -890 mVAg/AgCl, -950 mVAg/AgCl, and -1050 mVAg/AgCl. This study does not 
provide discussions on the influence of hydrogen trapping, and comparisons of LIST and 
permeation test results with other types or grades of metals. 
 
2.0 Literature Review 
 
2.1 Strength of MS-AHSS 
 
Generally, the higher the steel’s strength, the more susceptible it is towards HE, and the more 
vulnerable it is to lower levels of hydrogen. Doubling the strength of the steel would quadruple 
its susceptibility to HE (International). High strength steels with tensile strengths above 130 ksi 
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and a hardness of Rockwell C35 or greater are the most prone to hydrogen embrittlement. Steels 
below these tensile and hardness levels are generally immune to hydrogen embrittlement (Rob, 
2013). Compared to other AHSS, MS-AHSS has the highest ultimate tensile strength, ranges up 
to 1500MPa, or 218 ksi (Kuziak, Kawalla, & Waengler, 2008). This first generation of AHSS 
also gives a very low ductility of only 5-30% and hardness which ranges from 33-44HRC 
(Demeri, 2013). There will be a strong reduction in the steel’s mechanical properties, mainly in 
terms of strength and ductility if the hydrogen content inside the steel reaches a critical value. 
Even a very small amount of hydrogen would lead to a catastrophic effect since the largest parts 
of car body components are produced by cold forming techniques which induces high residual 
stresses (Lovicu et al., 2012). 
 
2.2 Hydrogen influence on steels using hydrogen permeation test 
 
Zakroczymski stated that the efficiency of hydrogen entry is characterised by the hydrogen 
concentration dissolved in the metal just beneath its surface. This hydrogen makes a component 
of the interstitial solid solution. The lattice diffusion coefficient, D is used to determine the 
diffusivity of hydrogen through the steel specimen. In other words, it describes the transport of 
diffusible hydrogen (Zakroczymski, 2006). From recent study (Liu & Atrens, 2015), for a 
specimen of thickness of L, the permeation transient can be expressed by: 
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where 𝑖𝑡 is the measured permeation current density at time t, 𝑖0 is the initial steady-state 
permeation rate at t=0 from the prior transient, and 𝑖∞ is the new steady-state permeation current 
density as t→ ∞. In particular, for the first charging, 𝑖0= 0, and for the complete decay, 𝑖∞ = 0. 
The reversibly trapped forms of hydrogen can include hydrogen atoms attached to dislocations, 
grain boundaries, nonmetallic inclusions, etc. which are more rigid within the metal and are less 
likely to move around. The concentration of hydrogen among different structural defects and 
phases characterises both trapped hydrogen and the trapping itself (Zakroczymski, 2006).  
According to Liu & Atrens, the hydrogen concentration at the entry side was evaluated from the 
steady state permeation current density, 𝑖∞ using: 
 
𝐶𝐿 =
𝑖∞𝐿
𝐹𝐷𝐿
 
 
where L is the membrane thickness, and F is Faraday constant (96,485 C mol-1). The total 
hydrogen concentration at each condition in their test is defined as the sum of the influential 
hydrogen concentration trapped at reversible sites, CT, and lattice hydrogen, CL. If it is assumed 
that there is only one type of hydrogen trap, the density of reversible traps is given by: 
 
𝑁𝑇
∗ =
2𝑐 × 6.24 × 1018
𝐿
 
 
where c (A s cm-2) is the difference between the measured permeation transient and the 
theoretical permeation transient with no traps, and L (cm) is the thickness of the specimen, 
assuming that each trap holds one hydrogen atom, and because 1 A s (which equals 6.24 x 1018 e) 
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can be considered as 6.24 x 1018 traps (or sites). The concentration of traps (mol m-3) for each 
charging condition is given by:  
 
𝐶𝑇
∗ =
𝑁𝑇
∗
𝑁𝐴
 
 
where NA = 6.02 x 10
23 mol-1 is Avogadro’s constant, which is the number of available sites per 
mol. 
 
From the study done by Liu & Atrens, it was found that there was a higher reversible-trap density 
at a less negative potential. Reversible traps for hydrogen strongly influence HE (Hirth, 1980). 
Pre-charging was important as it was found from previous study that long term cathodic 
polarisation at negative potentials could condition the surface to a relatively stable state, 
eliminating the surface influence on hydrogen diffusion (Liu, Atrens, Shi, Verbeken, & Atrens, 
2014). In addition to that, it was expected that all the irreversible traps in the specimen were filled 
after 24 hours of pre-charging. Hirth also suggested that a material with finely distributed 
irreversible traps is less susceptible to HE. It is the reversible traps that influence the hydrogen 
diffusion behavior for hydrogen pre-charged specimens, and furthermore influence the resistance 
of the steel to HE. 
 
Liu & Atrens aimed to explore the evaluation of the density of reversible traps, NT using the 
Oriani–Dong model (Dong, Liu, Li, & Cheng, 2009) and 𝑁𝑇
∗ using permeation partial transients. 
Both results presented that trapping effect was less significant at a more negative potential due to 
smaller percentage of the trapped hydrogen. The more negative partial transients can be used to 
measure the lattice diffusion coefficient, D. 
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2.3 Hydrogen influence on steels using LIST 
 
 
Another recent study explored how hydrogen influence increased with steel strength, decreasing 
charging potential, and decreasing applied stress rate (Venezuela, Liu, Zhang, Zhou, & Atrens, 
2015). This study included another factor that contributes to a steel’s susceptibility to HE which 
is the application of stress by using the linearly increasing stress test (LIST).  
 
Venezuela et al stated that LIST is used for the study of HE and stress corrosion cracking (SCC). 
In the LIST, a linearly increasing load is subjected to a smooth specimen until the specimen 
fractures. The test conditions in which the specimen may be tested is either in air, or when 
exposed to an embrittling environment. The yield stress and the threshold stress for crack 
initiation (either by hydrogen or by SCC) can be measured which allows quantification of the 
degree of hydrogen influence in terms of the reduction of the threshold stress, as well as in terms 
of the decrease in ductility. This method is used to evaluate the apparent threshold stress for the 
initiation of subcritical crack growth in the hydrogen-charged samples, σTH, or the yield stress for 
the uncharged sample, σy, the fracture stress, σf, and the reduction in area, RA. Referring to the 
specimens used in their study, from MS980 to MS1500, the yield and tensile strengths increased, 
whereas ductility decreased. The degree of hydrogen influence was quantified using:  
 
(i) the hydrogen susceptibility index, SH, which is related to the decrease in the threshold stress 
 
𝑆𝐻 =
𝑇𝑎𝑖𝑟 − 𝑇𝐻
𝑇𝑎𝑖𝑟
× 100% 
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where Tair is the yield stress in air, and TH is the apparent threshold stress in the hydrogen 
charging environment. The value of the susceptibility index, SH, may vary from 0% to 100%, 
from no hydrogen influence to high influence.   
 
(ii) the hydrogen embrittlement index, I, which is related to the decrease in ductility.  
 
𝐼 =
𝑅𝐴,𝑎𝑖𝑟 − 𝑅𝐴,𝐻
𝑅𝐴,𝑎𝑖𝑟
× 100% 
 
where RA,air is the reduction in area in air, and RA,H is the reduction in area in the hydrogen 
charging environment. The value of the embrittlement index, I, may also vary from 0% to 100%, 
from no hydrogen embrittlement susceptibility to high embrittlement (Loidl, Kolk, Veith, & 
Göbel, 2011). 
 
It was found from their study that as the stress increased, there was a slow initial increase in the 
potential drop due to the reduction in specimen area, and the length of specimen had increased. 
There were significant values of SH and I for both MS1300 and MS1500, which increased with 
increasingly negative cathodic charging potential. In addition to that, both the SH and I values 
were higher at the slowest applied stress rate. 
 
Based on the fractography at the lowest applied stress rates of 0.0054, 0.0064, and 0.0008 MPa s-
1 using the 3 rph motor, there was no necking. There were few other observations made; T 
regions indicated brittle behavior, surface cracks appeared near the fracture, and the presence of 
M regions. For MS1300 and MS1500, the fractures break cleanly in a single shear plane as can be 
seen from the sharp shear-type fracture, which were influenced by hydrogen. Evidences were 
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shown from the reduced values yield stress, tensile stress, and reduction in area being lower than 
the corresponding specimens tested in air. Venezuela et al stated that fisheyes were present on the 
fracture surface of MS1300 and MS1500 steel only at the lowest applied stress rate with 
hydrogen charging. Each fisheye was a region of brittle fracture that initiated, and grew from a 
macroscopic defect. It was thought that the combination of hydrogen accumulation at an 
imperfection and plastic deformation were the causing factors of fisheyes. Plastic deformation 
introduces hydrogen traps (mainly vacancies and dislocations), which increases hydrogen uptake 
(Venezuela et al., 2015). 
 
Venezuela et al also stated in their study that since MS1300 and MS1500 already displayed 
significant hydrogen influence at the intermediate stress rate at all charging conditions, the 
specimens were then tested only at the most severe charging potential of −1.800 VAg/AgCl, and at 
the lowest stress rate of 0.008 MPa s−1. The result indicated an increased hydrogen influence, 
presence of shear type fractures, and most severe hydrogen influence for MS1500. With an 
increased amount of hydrogen in the specimen, solid solution softening by hydrogen attributed to 
the decrease in the normalised yield stress for each steel. The yield stress also decreased with 
steel strength, and decreased with lowering applied strain rate. The decreases in fracture stress, 
were attributed to a dynamic interaction of hydrogen with the dislocation substructure for sub-
critical crack growth to occur. It was proposed that this interaction facilitating dislocation 
movement had cause the transition of fracture from cup and cone to shear fracture in the presence 
of hydrogen, where the decrease in yield strength was the evidence  (Venezuela et al., 2015).  
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3.0 Experimental Method 
3.1 Permeation Test  
 
 
Figure 1 Permeation test setup 
A permeation cell was setup as shown in Figure 1 with 3% NaCl solution in the entrance cell (left 
cell) and 0.1 M NaOH on the exit cell (right cell). Each specimen (MS1300 and MS1500) was 
immersed in between the two cells. The specimen used was a small square-shaped 3 x 3 cm (on 
average) plate. The thickness of MS1300 and MS1500 were 0.099 cm and 0.109 cm respectively. 
Both sides of the specimen were polished using 120, 320, 600, and 1200 grit sandpapers. Only 
the steel surface facing the exit cell was Pd-electroplated.  
 
The specimen acted as the working electrode. On the exit cell, the counter electrode was a 
platinum mesh, and the reference electrode was Hg/HgO. On the entrance cell, the counter 
electrodes were carbon rods, and the reference electrode was Ag/AgCl. Nitrogen gas was flowed 
into both the solutions throughout duration of permeation test. 
 
The specimen was hydrogen pre-charged at -1050 mVAg/AgCl for at least 24 hours. The potential 
range were from -1050 mVAg/AgCl, -950 mVAg/AgCl, down to -850 mVAg/AgCl. Decay transients (-
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1050 mVAg/AgCl to -850 mVAg/AgCl) and rise transients (-850 mVAg/AgCl to -1050 mVAg/AgCl) were 
performed to determine the diffusion coefficient, Deff, and the subsurface hydrogen concentration, 
CH.  
 
3.2 LIST 
 
 
Figure 2 LIST machine setup 
Figure 2 shows the LIST machine setup. The mean thickness of the specimens was 1.18 mm. 
Each specimen was polished with a 1200 grit sandpaper. LISTs were performed in laboratory air, 
and with in-situ cathodic charging at -1050 mVAg/AgCl in a 3% NaCl solution. The specimen acted 
as the working electrode, the carbon rod was the counter electrode, and the Ag/AgCl/saturated 
KCl electrode as the reference electrode. The specimen was hydrogen pre-charged in the NaCl 
with a potential of -1050 mVAg/AgCl for 24 hours. The LIST was performed at an applied tensile 
stress rate of 0.008 MPa s-1 and 0.080 MPa s-1 corresponding to a 3 rph and 30 rph motor 
respectively. The test ended when the specimen failed due to fracture.  
 
As shown in Table 2, the specimen designation indicated the type of steel, the environment, and 
the speed of the motor. For an example, the specimen designated ‘MS1300-A-30’ indicated 
MS1300 steel, tested in air, using 30 rph motor. The LISTs were used to determine each 
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specimen’s yield stress (threshold stress), TH, the fracture stress, F, the reduction in area, RA, 
and the hydrogen embrittlement index, I. The fracture surfaces were examined using a scanning 
electron microscope (SEM). 
 
4.0 Results 
4.1 Permeation Test 
 
The MS-AHSS samples were pre-charged for at least 24 hours at the most negative potential, -
1050 mVAg/AgCl prior to conducting the transients. Potentials more negative than -1050 mVAg/AgCl 
were initially used (-1800 mVAg/AgCl, -1200 mVAg/AgCl, and -1100 mVAg/AgCl) for permeation. 
However, unwanted side reactions such as formation of solid NaOH and liberation of toxic 
chlorine gas occurred at these potentials and consequently tests had to be discontinued. These 
reactions were not seen at -1050 mVAg/AgCl, thus the adoption of this potential setting for the 
permeation tests. 
 
Figure 3 shows a typical graph of the permeation transient loops. Using a mathematical software 
(MATHCAD), theoretical curves were fitted on the experimental rise and decay transients. The 
fitted curve yielded the desired hydrogen diffusivity in the steel and the subsurface hydrogen 
concentration. Figure 4 depicts a graph for the curve fitting. 
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Figure 3 A typical transient loop in the permeation test. (Sample:MS1500) 
  
 
Figure 4 Graph of curve fitting 
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Table 1 shows some of the points recorded during the rise transients of MS1500. 
Table 1 Points recorded throughout the transients 
Transients, mVAg/AgCl Current, µA Elapsed Time, s 
-850 to -950 1.2456773 12329.28 
-950 to -1050 2.6037226 18334.08 
-1050 to Full decay 3.3690991 24347.52 
 
From the results obtained, graphs were plotted to analyse the hydrogen concentrations within the 
samples and the lattice diffusion coefficient. 
  
Each transient was conducted around 1.5 to 1.7 hours. This allowed enough time for the current 
to stabilise before the next transient is performed. After each decay transient, the current values 
halved, decreasing to around 30% to 55%. Whereas after each rise transient, the current increased 
further up to twice its previous value. For both MS1300 and MS1500, the rise transients from -
850mVAg/AgCl to -950mVAg/AgCl showed the larger increase in current reading compared to the rise 
transients from -950mVAg/AgCl to -1050mVAg/AgCl. 
 
Table 2 summarises the calculated diffusion coefficients, Deff, and the subsurface hydrogen 
concentrations, CH, for MS1300 and MS1500.  
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Table 2 Table of Deff and CH of MS1300 and MS1500 obtained from decay and build-up 
transients in the permeation experiments. 
Specimen Applied potential, mVAg/AgCl i, A cm-2 Deff, cm2 s-1 CH, ug g-1 
MS1300 Start at -1050 1.40  0.137 
 -950 (decay) 0.84 13.0 x 10-7 0.082 
 -850 (decay) 0.24 15.5 x 10-7 0.024 
 -950 (rise) 0.51 12.0 x 10-7 0.049 
 -1050 (rise) 0.73 8.8 x 10-7 0.070 
   Ave: 13.2 x 10-7  
     MS1500 Start at -1050 1.09  0.115 
 -950 (decay) 0.43 13.0 x 10-7 0.046 
 -850 (decay) 0.13 15.0 x 10-7 0.014 
 -950 (rise) 0.51 15.5 x 10-7 0.054 
 -1050 (rise) 0.73 9.2 x 10-7 0.077 
   Ave: 12.1 x 10-7  
 
The largest recorded Deff was 15.5 x 10
-7 cm2 s-1, measured by MS1300 at decay transient from -
950 mVAg/AgCl to -850 mVAg/AgCl, and by MS1500 at rise transient from -850 mVAg/AgCl to -950 
mVAg/AgCl. The average Deff for MS1300 was higher than that of MS1500. Comparing the CH 
values, MS1500 showed smaller values during the decay transients but the magnitude gained by a 
small amount (0.005 – 0.007 ug g-1 larger than that of MS1300) during the rise transients. For 
both steels, the values of CH decreased as the decay transients were performed, and then increased 
as the rise transients were conducted. 
 
4.2 Linearly Increasing Stress Test  
 
Figure 5 shows the typical potential drop curve obtained from a LIST. These curves were used to 
determine the yield (threshold) stress, TH, and the tensile fracture stress, F. Table 3 summarises 
the results from LIST in determining the yield stress, fracture stress, reduction in area, and 
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hydrogen embrittlement index of the MS-AHSS when conducted under three different 
environments:  
i) the steel is suspended in air with applied tensile stress using a 30 rph motor 
(designated as A-30), 
ii) the steel is submerged in 3% NaCl solution at an applied potential -1050 mVAg/AgCl 
with applied tensile stress using a 30 rph motor (designated as E-30), and; 
iii) the steel is submerged in 3% NaCl solution at an applied potential -1050 mVAg/AgCl 
with applied tensile stress using a 3 rph motor (designated as E-3). 
 
Figure 5 A typical potential drop curves obtained from a LIST at two different conditions. 
(Sample: MS1500) 
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Table 3 LIST results for MS-AHSS in air or in 3% NaCl solution. Applied potential equals -1050 mVAg/AgCl (-852 mVSHE). 
Specimen 
designation 
Environment Potential, 
mVAg/AgCl 
Applied 
stress rate, 
MPa s-1 
Threshold 
or Yield 
stress TH, 
MPa (±5) 
Fracture 
stress, UTS, 
F, MPa (±2) 
Reduction 
in area, 
RA, % 
Hydrogen 
embrittlement 
index, I 
Remarks 
MS1300-A-
30 
Air n/a 0.080 1120 1308 65 n/a Ductile; necking and 
cup-and-cone fracture. 
MS1300-E-
30 
NaCl -1050 0.080 1105 1296 54 11 Ductile; necking and 
cup-and-cone fracture. 
MS1300-E-
3 
NaCl -1050 0.0080 1085 1298 34 45 Shear fracture; some 
amount of necking 
MS1500-A-
30 
Air n/a 0.080 1250 1446  61 n/a Ductile; necking and 
cup-and-cone fracture. 
MS1500-E-
30 
NaCl -1050 0.080 1260 1490 53 14 Ductile; necking and 
cup-and-cone fracture. 
Some shallow surface 
fractures in the neck. 
MS1500-E-
3 
NaCl -1050 0.0080 1240 1526 13 78 Shear fracture without 
necking. Surface 
fractures near fracture 
lip. 
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MS1300-A-30 achieved both the highest TH and F at 1120 MPa and 1308 MPa, respectively. In 
3% NaCl at the slower stress rate, the TH dropped by 1.8% to 1085 MPa from 1105 MPa when 
using the 30 rph motor. However, the F had a 2 MPa increase from 1296 MPa when using the 3 
rph motor. Ra of MS1300-A-30 was also the largest at 65%. The value reduced to 54% when 
LISTs were conducted in NaCl. Ra decreased more at the applied stress rate of 0.008 MPa s-1. 
When a slower stress rate was applied, I value increased fourfold for MS1300 from 11 to 45. 
 
MS1500 tests showed different outcomes. The highest TH, 1260 MPa was obtained by MS1500-
E-30, and the highest F, 1526 MPa was obtained by MS1500-E-3. In contrast to MS1300, 
MS1500-A-30 had the lowest F. However, the trend is similar for the RA. The value was smaller 
for the steel in air compared to when it was in NaCl solution. The RA value also decreased further 
from 53% to 13% when the steels were applied to a stress rate of 0.008MPa s-1 compared to 
0.080MPa s-1. When a slower stress rate was applied, I value increased more than five times for 
MS1500 from 14 to 78.  
 
MS1500 didn’t give a noticeable trend for its F and F at those three different environments, 
compared to MS1300. Generally, MS1500 has higher TH and F values compared to MS1300 in 
all the LISTs. MS1500 has much higher I value compared to MS1300.  
 
The table also includes the observations from the scanning electron microscope (SEM), 
describing the fracture of each steel. Under most conditions, the steels had undergone ductile 
fracture as necking was observed to have taken place which lead to a cup-and-cone fracture. For 
both MS-AHSS under 0.008 MPa s-1 applied tensile stress rate, shear fracture had occurred as 
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there were either only some or none presence of necking observed. The results of fractograph 
analysis are presented in the succeeding section. 
 
Fractography 
Two different types of fractures were observed in the MH-AHSS samples: i) cup-and-cone 
fracture, and ii) shear fracture. 
 
Cup-cone fracture 
The cup-cone fracture was observed in specimens tested in (i) air as shown in Figure 6 and (ii) at 
-1050 mVAg/AgCl at the intermediate stress rate equivalent to the 30 rph motor (0.080 MPa s
-1) as 
shown in Figure 7. The steels with cup-cone fracture proved high ductility due to the presence of 
necking, and high RA values. 
 
The necking can be viewed from the side as shown in Figure 6(a) and Figure 7(a). When the 
fracture is observed from the top view as shown in Figure 6(b) and Figure 7(b), the central region 
of a typical cup-cone fracture surface, which can be indicated by its rough texture, is the crack 
initiation and growth region. The shear lips occurred between the central region and the outer 
edge of the steel. This area has a smoother surface, and is the region of final fracture. For 
relatively ductile specimens, no surface fractures were observed in the vicinity of the fracture 
area or in the neck region. 
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Figure 6 Micrographs showing the cup-and-cone fracture viewed from (a) side and (b) top. 
(Sample: MS1500-A-30) 
 
 
Figure 7 Micrographs showing the cup-and-cone fracture viewed from (a) side and (b) top. 
(Sample: MS1300-E-30) 
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Figure 8 Micrograph showing the short transverse side view. (Sample: MS1500-E-30) 
 
Figure 8 shows the MS1500-E-30 sample charged at -1050 mVAg/AgCl. Though the appearance 
indicated a shear fracture, the fractograph revealed the fracture regions associated with cup-cone 
fracture. Furthermore, some surface fractures were found in the necked region. These surface 
fractures were not found in the steels tested in air and in MS1300 charged at -1050 mVAg/AgCl at a 
stress rate of 0.080 MPa s-1 as shown in Figure 6 and Figure 7, respectively. 
 
Shear fracture 
The shear fracture was observed in the two steels tested at the slowest applied stress equivalent to 
the 3 rph motor (0.008 MPa s-1) and charged at -1050 mVAg/AgCl. Figure 9 and Figure 10 show the 
shear fracture seen in MS1500 and MS1300, respectively. The angle of fracture for both steels 
appeared to be 45° to the direction of applied tensile stress. There was small amount of necking 
observed for MS1300-E-3, while there was none for MS1500-E-3.  
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These steels that had shear fractures showed low values of RA but had very high I values. Surface 
cracks were also found in the vicinity of the fracture lip in MS1500, as shown in Figure 9(a). The 
direction of crack propagation was illustrated from the top view as shown in Figure 9(c) and 
Figure 10(c), which initiated from an edge. 
 
 
Figure 9 Micrographs showing (a) transverse short side, (b) transverse broad side, and (c) top 
view. The arrows show direction of crack propagation. (Sample: MS1500-E-3) 
 
(a) (b) 
(c) 
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Figure 10 Micrographs showing (a) transverse short side, (b) transverse broad side, and (c) top 
view. The arrows show direction of crack propagation. (Sample: MS1300-E-3) 
 
  
(c) 
(a) (b) 
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Figure 11 shows the top view of the shear fracture surface of MS1500-E-3. Three distinct regions 
were identified upon further analysis at high magnifications. 
 
 
Figure 11 Micrograph top view of MS1500-E-3 divided into three regions for a detailed analysis 
on the shear fractured specimen. 
 
Region 1, as shown in Figure 12, is considered as the crack nucleation region. This region 
typically originated at a corner. The fracture surface possessed a mix of intergranular and 
quasicleavage fractures, which indicates brittle fracture. 
 
Figure 13 shows Region 2, which is the crack propagation region. The region generally consisted 
of fracture dimples probably as a result of microvoid coalescence (MVC). The presence of MVC 
dimples indicates a ductile fracture mechanism. 
 
Region 3 is the region of final fracture, and this is presented in Figure 14. Figure 14(a) and Figure 
14(c) show Region 3 in MS1500. Region 3 typically possessed a mix of intergranular and 
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quasicleavage fractures, again indicating brittle fracture. Figure 14(b) is the final fracture region 
seen in MS1300. This region resembles a fisheye, and a closer look at the region again revealed 
the same brittle features. 
 
Figure 12 High magnification image of Region 1. 
 
 
Figure 13 High magnification images of Region 2. 
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Figure 14 High magnification images of Region 3.  
(c) 
(a) 
(b) 
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5.0 Discussion 
5.1 Deff and CH 
 
The permeation test was conducted to measure the subsurface hydrogen concentration, CH of 
MS1300 and MS1500 at different cathodic charging potentials. These measured values were then 
related to the HE susceptibility of those steels. The hydrogen diffusion coefficient, Deff for 
MS1300 had only increased during decay transient from -950 mVAg/AgCl to -850 mVAg/AgCl, and 
decreased throughout the rise transients. The Deff for MS1500 increased for the transient loop 
from -950 mVAg/AgCl down to -850 mVAg/AgCl and back to -950 mVAg/AgCl, and had decreased 
afterwards. 
Agreeing with a study by Liu et al, having the steel hydrogen pre-charged for at least 24 hours 
had conditioned the surface to a relatively stable state, which eliminated the surface influence on 
hydrogen diffusion. This explains why Deff values were a bit lower in the beginning of the 
transient. Lower Deff values meant that hydrogen pre-charging had helped to increase the 
resistance of the steel to HE. On average, MS1300 had higher Deff than MS1500, but only by a 
very small margin of 1.1 x 10-7 cm2 s-1. This difference was insignificant and can’t fully conclude 
how hydrogen diffusivity in these steels can be related to their HE susceptibility.   
More hydrogen atoms were able to diffuse into the steel with higher Deff values and this reduced 
the steel’s ductility. When there is high subsurface hydrogen concentration, the steels become 
more susceptible to HE. The diffusion of hydrogen then becomes limited and hydrogen atoms are 
less diffusible. This means that the Deff value had reduced when CH was at a high value, and vice 
versa. CH values increased as the charging potential becomes more negatively charged. 
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CH values decreased with decay transients, and increased with rise transients. As CH increases, 
the HE susceptibility of the steel increases. The higher values of CH were at charging potential -
1050 mVAg/AgCl. HE susceptibility of the steels were highest at the beginning of the transient 
when the CH values were the largest, which was after the steel was hydrogen pre-charged.  
It was earlier predicted that both Deff and CH values increase at the most negatively charged 
cathodic potential, -1050mVAg/AgCl. However, both values increased only for MS1500 at the rise 
transient from -850 mVAg/AgCl to -950 mVAg/AgCl. The reason being, the CH measured from 
previous transient was very small, which gave more availability for hydrogen to diffuse into the 
steel. Hence, an increase to the Deff value at that particular transient. The results had proven true 
for the CH values at -1050 mVAg/AgCl. Hence, the steels were more susceptible to HE at -1050 
mVAg/AgCl. MS1500 was more susceptible towards HE compared to MS1300 as shown by the 
relatively higher CH values. 
 
5.2 LIST properties of MS1300 and MS1500 
 
LIST was conducted to determine the HE susceptibility of both steels when tested at different 
environments. Hydrogen embrittlement index, I determine how susceptible the steel is to HE.  
 
HE affects the metal by means of degrading the strength and ductility of the steel, making it 
fracture due to its brittleness. It has shown effects in reducing the steel’s yield stress,  TH as the 
hydrogen concentration within the steel increases and with slower applied tensile stress rate. The 
TH of both steels were reduced by 20 MPa when LISTs were conducted in 3% NaCl at 0.008 
MPa s-1 applied stress rate. This result validates the hypothesis made where the strength of the 
steels would be reduced with higher subsurface hydrogen concentration. Lovicu et al stated that 
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there would be a strong reduction in the steel’s mechanical properties if the hydrogen content 
inside the steel reaches a critical value.  
 
When the slower stress rate was applied, the I value increased fourfold for MS1300 and more 
than five times for MS1500. As predicted, MS1500 had a much higher I value compared to 
MS1300. This means that MS1500 was more susceptible to HE when applied to slower stress rate 
of 0.008 MPa s-1 at the most negatively charged potential -1050mVAg/AgCl. This corresponds with 
Venezeula et al’s result where LISTs were made at the most negatively charged potential and at 
the lowest stress rate had indicated the most severe hydrogen influence for MS1500. This result 
agrees with the hypothesis made; the slower applied tensile stress rate would make the steel more 
susceptible to HE. 
 
This agrees with the generalisation of stronger steels are more prone to HE. Higher susceptibility 
to HE meant higher tendency for the steel to undergo stress corrosion cracking (SCC) when 
applied to a stress in a corrosion-induced environment. However, the presence of subsurface 
hydrogen only resulted to small changes on the steel’s yield and fracture stresses. 
 
5.3 Fracture properties of MS1300 and MS1500 
 
The effect of hydrogen is mainly by reducing the ductility of the steel, facilitating brittle shear 
fracture, and causing brittle features on the fracture surface such as intergranular and 
transgranular features. Other brittle features include small and shallow dimples on the fracture 
surface (Venezuela et al., 2016). 
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No signs of HE were found in the two conditions: (i) in air, and (ii) in 3% NaCl at applied tensile 
stress rate of 0.080 MPa s-1. For specimens under 0.008 MPa s-1 applied tensile stress rate, shear 
fracture occurred as there were either only some or none presence of necking observed. The steel 
at the slower applied tensile stress rate showed brittle features which suggested signs of HE. 
 
Venezuela et al discussed that fisheyes were present on the fracture surface of MS1300 and 
MS1500 only at the lowest applied stress rate with hydrogen charging done in 0.1 M NaOH. This 
is similar to the observation made on MS1300 at the applied stress rate of 0.008 MPa s-1 charged 
in 3% NaCl. However, this was not observed in MS1500. This might be because Region 3 of 
MS1500, as shown in Figure 14(a) and (c), did not contain macroscopic defects, such as void 
which was observed in MS1300. A fisheye typically initiates and grows from macroscopic 
defects (Venezuela et al., 2015). This agrees with the prediction whereby shear fracture was 
expected to occur on the steels at charging potential -1050 mVAg/AgCl and at the applied stress rate 
equivalent to the 3 rph motor. 
 
5.4 Strength and HE susceptibility of MS1300 and MS1500 
 
The amount of hydrogen embrittlement index, I, is related to the decrease in ductility (Loidl et 
al., 2011). Higher I values correspond to lower ductility. This means that as the concentration of 
subsurface hydrogen, CH rise, the strength of steel drops (since the steel becomes more brittle). 
Thus, CH can be correlated with I. 
At charging potential -1050 mVAg/AgCl, CH was at the highest amount for both steel. When steel 
was applied to a slower stress rate, the I value increase. Hence, CH would also increase with 
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slower applied stress rate. MS1500 had higher TH and F than MS1300 which made it easier for 
MS1300 to yield and fracture compared to MS1500.  
 
The F of MS1500 increased with increasing I value. Thus, the hydrogen content in MS1500 
increased as well, which made it more difficult for MS1500 to fracture. Despite its higher 
strength, it was more susceptible to HE as shown by the I value.  
 
6.0 Conclusion 
 
Two tests were carried out on the MS1300 and MS1500 steels; the hydrogen permeation test, and 
the linearly increasing stress test (LIST). The permeation test aimed to determine the hydrogen 
concentration of the steels at those different cathodic charging potentials. The hydrogen 
concentrations measured were then related to the HE susceptibility of the steels. The LIST also 
aimed to determine the HE susceptibility of the steels at those different environments. 
 
On average, MS1300 had higher Deff than MS1500, but only by a very small margin of 1.1 x 10
-7 
cm2 s-1. This difference was insignificant and can’t fully conclude how hydrogen diffusivity in 
these steels can be related to their HE susceptibility.  The results had proven that CH values 
increased at -1050 mVAg/AgCl. Hence, the steels were more susceptible to HE at -1050 mVAg/AgCl. 
MS1500 was more susceptible towards HE compared to MS1300 as shown by the relatively 
higher CH values. 
 
The TH of both steels were reduced by 20 MPa when LISTs were conducted in 3% NaCl at 
0.008 MPa s-1 applied stress rate. This result validates the hypothesis made where the strength of 
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the steels would be reduced with higher CH. The result obtained from LIST also agrees with the 
hypothesis made; the slower applied tensile stress rate would make the steel more susceptible to 
HE. This agrees with the generalisation of stronger steels are more prone to HE. However, the 
presence of subsurface hydrogen only resulted to small changes on the steel’s yield and fracture 
stresses. 
 
No signs of HE were found in the two conditions: (i) in air, and (ii) in 3% NaCl at applied tensile 
stress rate of 0.080 MPa s-1. For specimens under 0.008 MPa s-1 applied tensile stress rate, shear 
fracture occurred as there were either only some or none presence of necking observed. The steel 
at the slower applied tensile stress rate showed brittle features which suggested signs of HE. 
Fisheyes were also observed on MS1300 at the applied stress rate of 0.008 MPa s-1. However, 
this was not observed in MS1500. This might be because Region 3 of MS1500 did not contain 
macroscopic defects, such as void which was observed in MS1300. This agrees with the 
prediction whereby shear fracture was expected to occur on the steels at charging potential -1050 
mVAg/AgCl and at the applied stress rate equivalent to the 3 rph motor. 
 
Higher I values correspond to lower ductility. This means that as the concentration of subsurface 
hydrogen, CH rise, the strength of steel drops (since the steel becomes more brittle). Thus, CH can 
be correlated with I. At charging potential -1050 mVAg/AgCl, CH was at the highest amount for 
both steel. When steel was applied to a slower stress rate, the I value increase. Hence, CH would 
also increase with slower applied stress rate. The F of MS1500 increased with increasing I 
value. Thus, the hydrogen content in MS1500 increased as well, which made it more difficult for 
MS1500 to fracture. Despite its higher strength, it was more susceptible to HE as shown by the I 
value.  
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